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 Fast and Efﬁ cient Fabrication of Intrinsically Stretchable 
Multilayer Circuit Boards by Wax Pattern Assisted 
Filtration 
 Klas  Tybrandt *  and  Janos  Vörös 
with sheet resistance in the mΩ/sq range. Although such a 
low value is hard to achieve with stretchable composites, it is 
of great importance to keep the sheet resistance well below 
1 Ω sq −1 for many applications, e.g., for bright LEDs. To 
achieve this while keeping the conductor thickness within a 
reasonable range, the conductivity of the composite needs to 
be really high. Printing techniques are attractive for SCB fab-
rication due to their simplicity and scalability. [ 2a ,  9 ] However, 
the ink formulation and printing process put restraints on the 
materials used and the conductivities achieved is typically in 
the 100–800 S cm −1 range, which is signifi cantly lower than 
what is achieved with other methods. Filtration is an alterna-
tive for the formation of dense highly conductive fi lms of high 
aspect ratio materials [ 8d ,  10 ] The nanomaterial is dispersed in a 
solvent and deposited on top of a membrane when the dis-
persion is fi ltered through, after which the fi lm can be trans-
ferred to an elastomer substrate. The conductor can also be 
patterned by putting a plastic mask on top of the fi lter; [ 8d ] 
however, this approach provides limited resolution and severe 
constraints on possible patterns. To circumvent these limita-
tions, here we developed an effi cient and easy way of fabri-
cating SCBs by patterned fi ltration. Inspired by previous work 
on paper microfl uidics, [ 11 ] we pattern the membranes with a 
desktop wax printer in order to defi ne the conductor pattern. 
We demonstrate the versatility of this method by constructing 
a multilayer SCB comprising a fully addressable LED matrix. 
 Hydrophilic PVDF membranes are taped onto a carrier 
paper and the desired wax patterned is printed on the mem-
brane with a desktop wax printer ( Figure  1 a). The patterned 
membrane is soaked in deionized (DI) water and mounted 
into a fi ltration setup. An aqueous dispersion of silver nanow-
ires (AgNWs) is fi ltered through the part of the membrane 
not covered in wax, depositing the AgNWs on the surface. 
The membrane is dried and put in contact with a substrate 
of semicured PDMS. After applying pressure the membrane 
is soaked in DI water and peeled off, leaving the AgNW pat-
tern on the PDMS substrate. Two different sizes of mem-
branes were employed, 47 and 90 mm in diameter. Figure  1 b 
shows a 90 mm membrane patterned with black wax and 
the corresponding transferred AgNW pattern is shown in 
Figure  1 c. The pattern is fully transferred without any visible 
defects and the whole substrate is soft and can be repeat-
edly stretched. The amount of residual AgNWs outside of the 
defi ned patterns is very low (Figure S2, Supporting Informa-
tion), probably due to the dewetting of the wax areas during DOI: 10.1002/smll.201502849
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 The prospects of electronics that can withstand large 
mechanical deformations and conform to curvilinear surfaces 
have led to the development of stretchable electronic skins, [ 1 ] 
displays, [ 2 ] wearables, [ 3 ] and medical implants. [ 4 ] Although 
intrinsically stretchable circuit elements, such as transistors, [ 5 ] 
capacitors, [ 6 ] and light-emitting electrochemical cells, [ 2b ] have 
been developed, these components will not be able to match 
the performance of their rigid counterparts. Therefore, many 
stretchable electronic applications will require the mounting 
of rigid components onto stretchable circuit boards (SCBs), 
where the SCB accounts for the mechanical deformation of 
the system. Thus, it is of great importance to develop high 
performance multilayer SCBs that are fast, easy and cheap 
to produce. Here we address this challenge by developing 
a simple and fast process for fabricating SCBs based on a 
highly conductive (≈20 000 S cm −1 ) and stretchable silver 
nanowire (AgNW) composite. Filtration membranes, which 
are patterned by a standard wax printer, are used to defi ne 
the AgNW conductor layers. We demonstrate the capability 
of the method by developing a bright stretchable light emit-
ting diode (LED) matrix display, which can be wrapped 
around curved objects and stretched up to 20%. The whole 
multilayer process, from design to completed device, can be 
carried out in a single day. 
 There are two main approaches to implement SCBs; 
the use of accommodating geometries that protect rigid 
 conductors from strain, [ 7 ] or the use of intrinsically stretch-
able conductors comprising a conductive fi ller in an elasto mer 
matrix. [ 8 ] The later approach has the advantage of less 
 geometrical constraints but uses novel nanomaterial com-
posites that need to be processed and patterned effi ciently. 
A patterning method for SCBs should preferably be fast, 
simple, material effi cient and resulting in high performance 
conductors. Conventional CBs often use copper conductors 
small 2016, 12, No. 2, 180–184
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the end phase of the fi ltration, which prevents deposition of 
AgNWs by drying. The hydrophobicity of the wax also makes 
the pattern resistant to small cracks, as the water cannot wet 
these cracks (Figure S2c–e, Supporting Information). 
 The resolution of the wax printer (600 dpi) limits the 
 minimum feature size of the AgNW pattern. In order to deter-
mine the smallest attainable features, a series of AgNW test 
patterns were fabricated ( Figure  2 a). The lines in the print 
direction have even edges and linewidths down to 100 µm 
can be patterned, although the linewidth and spacing can vary 
a bit. The lines perpendicular to the print direction exhibit 
 signifi cantly higher roughness and 150 µm seems to be the 
lowest feasible linewidth in this case. Figure  2 b,c shows the dif-
ference in more detail. The roughness of the perpendicular lines 
is typically around 40 µm, but can be up to 70 µm locally. This 
makes sense as 600 dpi corresponds to a dot spacing of 42 µm. 
One should also notice that the print should be in pure black, 
as the use of several colors seems to result in rougher edges. 
 The sheet resistance of an AgNW conductor depends 
on the amount of deposited material. For thicknesses ( t ) 
well above the percolation limit the sheet resistance scales 
approximately as ≈1/ t . Thus the desired sheet resistance can be 
obtained by adjusting the amount of AgNWs in the dispersion 
used for fi ltration. For LED applications the currents are often 
quite high and thus the sheet resistance should be well below 
1 Ω sq −1 . To make sure our conductors fulfi lled this criterion, 
we performed electromechanical characterization of samples 
with AgNW coverage of 0.8 mg cm −2 . The initial sheet resist-
ance for the samples was 0.11 ± 0.01 Ω sq −1 , which corresponds 
to a conductivity of ≈20000 S cm −1 for the 5 µm thick con-
ductor (Figure S1, Supporting Information). When stretched 
until failure (≈200%), the resistance increased with the strain 
but remained below 0.4 Ω sq −1 up to 50% strain (Figure  2 d). 
In comparison to the results reported by Xu et al., [ 8e ] our ini-
tial conductivity of 20 000 S cm −1 is signifi cantly higher than 
their reported value of 8100 S cm −1 , while at 50% strain our 
conductivity dropped by a factor of 4 and theirs dropped 
by a factor of 3. Another important aspect is how the resist-
ance evolves under strain cycling. Figure  2 e shows the result 
of 1000 cycles of 20%, 50%, 100%, and 150% strain. Initially, 
the resistance increased rapidly but after a while the rate of 
increase slowed down and stabilized. After 1000 cycles at 20% 
the resistance was 0.23 Ω sq −1 , a twofold increase of the initial 
value. The resulting AgNW fi lm morphologies in the stretched 
state after 1000 cycles are shown in Figure  2 f. The amount of 
formed cracks increases with the applied strain. However, for 
larger strains the fi lm still forms a connected network and the 
sheet resistance remains quite low. 
 Encouraged by the above results, we went on to the design 
and fabricate a LED matrix display. The display comprises 
two AgNW conductor layers and 5 × 5 blue LEDs ( Figure  3 a). 
Each LED is connected to one row and one column line, which 
allows the display to be updated row by row and thereby gen-
erating arbitrary images when connected to a Rainbowduino 
LED driver. The fabrication starts by transferring the bottom 
AgNW conductor onto a PDMS substrate (see Figure S3 of 
the Supporting Information for details). Next, a thin layer of 
PDMS is patterned onto the substrate by spin coating it over 
a laser cut foil. The second AgNW conductor layer is trans-
ferred onto the patterned PDMS and mounting pads of silver 
epoxy are stencil printed. The LEDs are placed in a laser cut 
holder and all LEDs are simultaneously transferred to the 
substrate by bringing them in contact with the silver epoxy 
pads. The resulting structure can be seen in Figure  3 b. Finally, 
a protecting layer of PDMS is spin coated on top of the device. 
The resulting LED matrix wrapped around a glass cylinder is 
shown in Figure  3 c. A closer look shows that the LEDs are 
properly aligned and mounted onto the AgNW conductors 
(Figure  3 d,e). The LED matrix can be stretched to about 20% 
strain and wrapped around cylinders without losing function-
ality (Figure  3 f–h). When the strain is increased above 20%, 
more and more LEDs lose their electrical contact. The failure 
typically occurs at the contact between the AgNWs and the 
harder silver epoxy. 
 In conclusion, we have demonstrated a simple and effi -
cient way of fabricating a bright stretchable LED matrix 
display. The high brightness was enabled by the outstanding 
performance of our AgNW conductors, which had an initial 
conductivity of ≈20 000 S cm −1 and a sheet resistance of 
0.11 Ω sq −1 , the best values reported so far for stretchable 
composites. [ 8c ] The exceptionally high conductivity is likely 
due to compression of the AgNW fi lms during transfer, 
small 2016, 12, No. 2, 180–184
 Figure 1.  Nanowire conductor patterning. a) The PVDF membrane is mounted on a paper carrier and the wax pattern is printed onto the membrane. 
The patterned membrane is mounted in a fi ltration setup and the AgNW dispersion is fi ltered through the uncovered areas of the membrane. The 
AgNW pattern is transferred to a semicured PDMS substrate under pressure and fi nally the membrane is peeled off. b) Example of a wax pattern 
printed onto a membrane of 90 mm in diameter. c) The AgNW pattern has been transferred onto a stretchable PDMS substrate.
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 Figure 2.  AgNW conductor pattern quality and performance. a) The images show transferred AgNW conductor lines of different dimension and 
orientation. Linewidths down to 100 µm can be achieved for lines in the print direction, although the actual line width and spacing can vary 
quite a bit. For lines perpendicular to the print direction, the lowest feasible dimension is 150 µm. b) The edges of the vertical lines are smooth 
with little variation. c) The edges of the perpendicular lines are uneven with a typical roughness in the 40 µm range, although variations up to 
70 µm can be observed. d) Seven samples with AgNW tracks of 500 µm width and 20 mm length were stretched until mechanical failure. The sheet 
resistance remained below 1 Ω sq −1 even at 100 % strain. The samples mechanically broke at around 200 % strain. e) For samples that were cycled 
to 20 %, 50 %, 100 %, and 150 % strain 1000 times, the sheet resistance initially increased rapidly but later stabilized. f) Bright fi eld images of 
stretched samples that have been cycled 1000 times. The amount of internal fractures within the AgNW fi lms increase with strain.
 Figure 3.  Stretchable LED diode matrix. a) The LED matrix comprises 5 × 5 LEDs, each connected to one vertical and one horizontal addressing line. All the 
addressing lines are collected on one side to form the contact. b) The two addressing planes are isolated from each other by a thin patterned PDMS layer. The 
LEDs are mounted on top of two printed silver epoxy pads. c) The fabricated LED matrix wrapped around a glass cylinder. The LEDs are separated by 4 mm. 
d,e) The LED is shown in the off and on state. The circular refl ection arises from the PDMS protection layer on top. f–h) The LED matrix can  withstand stretching 
to about 20% or wrapping around a glass cylinder. The pictures were taken under ambient light conditions, which demonstrate the brightness of the LEDs.
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causing the AgNW volume fraction to go up. The fabricated 
LED matrix was very fl exible and could be stretched up to 
20% while maintaining functionality. The limiting factor for 
the stretchability was the AgNW-silver epoxy interface. This 
might be improved by employing softer contact pads or by 
relieving the whole interface of strain by the incorporation 
of stiff islands. Since the patterning technique is built around 
wax printing and laser cutting, the time from design to com-
pleted device was less than a day. Other attractive features 
of the approach are the low material consumption, the wide 
range of materials that may be processed and the possibility 
to signifi cantly upscale as wax printers can handle formats 
up to A3. We therefore believe that the presented approach 
can be a valuable tool for future development of stretchable 
electronic systems. 
 Experimental Section 
 AgNW Filtration: Hydrophilic PVDF membranes (0.22 µm pore 
size, Millipore) were taped onto carrier paper and patterned with 
a Xerox ColorCube 8570N wax printer (pure black, photo quality). 
AgNWs (60 nm diameter, 10 µm long, Sigma-Aldrich) were dis-
persed in ethanol to a concentration of 2 mg mL −1 , vortexed and 
briefl y ultrasonicated. Immediately prior to fi ltration, the AgNWs 
were dispersed in 20 mL DI water and vortexed. A patterned mem-
brane was soaked in DI water and then mounted in the fi ltration 
setup. The dispersion was fi ltered through the membrane and the 
membrane with the deposited AgNWs was dried on a hotplate 
(40 °C, 20 min). The surface coverage of the AgNW pattern was 
0.8 mg cm −2 . 
 LED Matrix Fabrication: Glass wafers were O 2 -plasma 
treated (300 W, 2 min) and vapor phase silanized in vacuum 
(1h, Trichloro(1H,1H,2H,2H-perfl uorooctyl)silane, Sigma-Aldrich). 
A thin layer of release agent (Ease Release 205, Mann Release 
Technologies) was spin coated (3000 rpm, 20 s) onto a silanized 
wafer. Next, a layer of PDMS (Sylgard 184, Dow Corning) was 
spin coated (1000 rpm, 30 s) and semicured on a hotplate 
(70 °C, 6 min). The bottom AgNW conductor layer was transferred 
by putting the patterned membrane in contact with the PDMS, 
apply pressure, soak the stack in DI water and peel off the mem-
brane. A mask was cut out of 25 µm thick PEN foil (Teonex Q51) 
with a laser cutter (Trotec Speedy 300). The mask was placed onto 
the substrate with a manual alignment setup based on a XYZθ 
micromanipulator. A 20 µm thick PDMS layer was spin coated over 
the mask, after which the mask was peeled off. The added PDMS 
pattern was semi-cured and the second AgNW conductor pattern 
was transferred, after which the substrate was cured on a hotplate 
(100 °C, 1 h). A mask for the pads was laser patterned from 50 µm 
PMMA foil (Goodfellow) and aligned onto the substrate. Silver 
epoxy (8330S Silver Conductive Epoxy Adhesive, MGchemicals) 
was diluted in ethanol (400 µL epoxy, 100 µL ethanol) and stencil 
printed through the PMMA mask to create the contact pads. The 
pads were dried on a hotplate (70 °C, 10 min). A 125 µm thick 
PEN foil (Teonex Q51) was lasercut and glued on a wafer to create 
a holder for the LEDs (VAOL-S4SB4, VCC). The LEDs were placed 
upside down in the holder and transferred all at once to the 
substrate by gently pressing them to the contact pads, after which 
the silver epoxy was cured on a hotplate (100 °C, 1 h). The epoxy 
pads were briefl y incubated in a dilute platinic acid solution to 
minimize PDMS curing inhibition. Finally, a protective PDMS layer 
was spin coated on top of the LEDs (1000 rpm, 30 s) while pro-
tecting the contacts and the whole device was cured on a hotplate 
(100 °C, 1 h). 
 Electromechanical Characterization : Samples with 500 µm 
wide and 20 mm long AgNW tracks were clamped in a tensile 
testing machine (DO-FB0.5TS, Zwick/Roell). Eutectic gallium–
indium (Sigma-Aldrich) was used to make electrical contact 
between copper pads and the AgNW tracks. The resistance was 
measured with a digital multimeter (Agilent 34401A) at 4 Hz. The 
stretching speed for maximum strain tests was 0.5 mm s −1 and 
2 mm s −1 for cycling tests. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library 
or from the author. 
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